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Benzene - C;Hy; - and most petroleum hydrocarbons
are in theory good electron donors for microbes

Electron Overall Energetic Equation AG®
Acceptor (ox/red) kJ/mol
0,/H,0 CeHg + 7.5 0, + 3H,0 —» 6 HCO, + 6 H* -3180
NO4/N, CeHg + 6 NO; — 6 HCO4 + 3 N, -2990
Fe3*/Fe2* CoHg + 90 Fe(OH); ) — 6 HCO5 + 132 H,0 + 30 Fe,0, , + 6 H* -2660

CgHg + 3 H,0 +3.75S0,% —

6 HCO; + 1.88 H,S + 1.88 HS + 0.38 H*

Benzene:

CegHg + 4.5 H, O — 3.75 CHs + 2.25 CO5
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Microbial Biodegradation
and Chemical Evolution of
Oil from the Amoco Spill

CHs;
BY DAVID M WARD, RONALD M ATLAS, ANMOCO
PAUL D BOEHM, JOHN A CALDER CADIZ
Ambio, 9(6), 277-283. L

Benzene Toluene

Microorganisms played a role in the degradation or “weathering” of the oil

CH; from the Amoco Cadiz. After the spill, bacteria developed naturally to remove
CH; some but not all of the components of the oil. The effectiveness of microbial
degradation, varies because of the complexity of the oil and the differing
microbial responses in aerobic and anaerobic environments.
I
~-1--CH3
\ BTEX Compounds

Ethylbenzene Xylene(s)
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~
Questions | had posed in 2004 @ @

 Why is it so difficult to obtain cultures capable of anaerobic
benzene degradation?

Benzene Thermodynamically ~equivalent to Toluene
* Organisms/Processes don'’t exist?
* Organisms uncommon? (kinetic barrier?)
* Inappropriate laboratory enrichment and culturing technique?

Where we are now in 2018?
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Benzene-Degrading Enrichment Cultures

Contaminated Site Material (1995)
(>20 Years of Enrichment in the Lab)

Cartwright site3  Oil Refinery

(OR)

Cart-NO,4 Cart-SO, Cart-CH,

20+ years

Degrade: Benzene, Benzoate,
Toluene, Phenol
Key Microbe: Peptococcaceae sp.

Degrade: Benzene
Key Microbe: d-Proteobacterium “ORM2”
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Known Anaerobic Benzene-Degraders

iobus placidus NE D74531

Pepto_BpPl02
Pelotomaculum_NR_040948
Pelotomaculum_NR_041320
Thermincola_NR_074717

Pepto oulture BF

Pepto Ediab

Nitrate-reducing

Iron (Ill)-reducing

. Sulphate-reducing

Methanogenic

Soobacter metsiiireducens
‘Ijl Goubacher Ban

Geobacter daltoni

| Desulfatitalea_NR_113315
Desulfatiglans_NR_126176
$B-21
] Bzn5295

Syntrophus_NR_102776
| l Hasdad
M2

Szoarcus AN ABZ41406
i Azoarcus_NR 029266
0.05 Azoarcus DNL1 ABZ41403

} Archaea

- Firmicutes

- Deltaproteobacteria

- Betaproteobacteria
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Known Anaerobic Benzene-Degraders

Farroglobus_placidus NR 074531 Marine hydrothermal system, Italy
Pepto_BpP102 Coal gasification site, Poland

Pelotomaculum_NR_040948

Pelotomaculum_NR_041320

Thermincola_NR_074717
Pepto_culture BF Coal gasification site, Poland
Papto_Ediab Gasoline station and Swamp, Canada
Geohacter_ metallireducens Petroleum contaminated site, Bemidiji, U.S.
Geobacter Ben Petroleum contaminated site, Bemidiji, U.S.
Geobacter daltoni
| Desulfatitalea_NR_113315
] . Desulfatiglans_NR_126176
Nitrate-reducing Sp.21 _ _ _
| Gulf of California, Mexico
ron (lll)-reducing Bzn5295 Mediterranean lagoon, France
Syntrophus_NR_102776
. Masdad H H
. Sulphate-reducing l l asta R!ver §ed|ment, Japan _
ORmM2 Oil refinery, U.S; gas Station, Canada

Sroarous AND AB241E06 . .
_' pzoarcus NR 025266 Gas contaminated aquifer, Japan
005 | azearcus_pmiisBzaisos (@S contaminated aquifer, Japan
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BTEX Degrading Enrichment Cultures: Rates

OR-CH, Benzene/CO, Deltaproteobacterium 0.3-2.0

ORM2
Cart-SO, Benzene/SO, Deltaproteobacterium — (,1-0.3

ORM2 20-30 days
Sw-NO,  Benzene/NO, Peptococcaceaesp.  (0.1-0.4
Pen-CH,  Toluene and  Pelotomaculum sp. >10 <10 days

o-Xylene/CO,
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Concepts of syntrophy and microbial consortium

Example of benzene degradation under methanogenic conditions

Reactants to Products AG®’
Standard
Conditions

Fermentation reaction: P, P
Org, #1 CeHg + 6 H,0 >3 CH3COO;¥%§’§ H, 153
Benzene ) j ;

Methanogenic reactions:

Org. #2
>3 CH, + 3 CO, -45

Org. #3  ( 3H,4075C0,  ->0.75CH,+ 1.5 H,0 170

Overall reaction

CgH; +4.5 H,0 -->3.75 CH, +2.25 CO, -62 KJ per mole
benzene

Together

ED_005025_00011617-00012



Microbial Consortia

Benzene, Toluene

Hydrogen and Acetate
concentrations must be kept low
(by methanogens) to drive
otherwise energetically
unfavourable toluene
fermentation reactions

Acmat@
Methanogen #-
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Where we are now in 20187

 Why is it so difficult to obtain cultures capable of anaerobic
benzene degradation?

Benzene Thermodynamlcally ~equ1valent to Toluene

. Organlsms unoommon’? (klnetlc barrler?) YES: low abundanc
* |nappropriate laboratory enrichment and Culturlng teohmque’? VES

M

|
H\‘C"/ C%Cfﬁ chxf’
11 | -] |
HONZ T I S

L
H  Kekulé Structures
{Isomers)
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OH

ppsA: Phenylphosphate synthase

Hydroxylation to phenol PPSA, PPCA 5 0A: Phenylphosphate carboxylase
4
CH3 \
HO- bssA: Benzyl succinate synthase
Methylation to toluene ~1 bssA \ y y
," ,( \
," \ \
(.cH3  CO, CoA —_— COSCoA
Carbonylation | || - -
( co, o g
\ P Benzoyl-CoA
\\ COOH bclA is a central
Carboxylation to benzoate ’ metabolite

Other??7??
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Alkylbenzenes (e.g., toluene) and saturates (e.g., alkanes, cycloalkanes) are activated via
addition to fumarate under all anaerobic electron accepting conditions

COo

P TSN oo
N

Benzylsuccinate synthase
(bssA)

Toluene Benzylsuccinate

CH; COO ..
R\/\//E S coo
\_ s

n-Alkane Alkylsuccinate synthase | ff:m"
(assA) 2-Methylalkylsuccinate

__ COoO

N ST .o SN NN o
3 MY IFTEIRY AW Ty irTeesyy Fayrs
LS T RRLO Y RFT ReRALET LT DY FRFLEY
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1. Nitrate-Reducing Benzene degrading
ulture
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Syntrophy in nitrate-reducing enrichment cultures
(Swamp and Cartwright)

Fermentation products,

Benzene Acetate + Hydrogen

Carbon dioxide
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Culture becomes dominated by Azoarcus if fed
benzoate, toluene or phenol with nitrate

Relative abundance

Anaerobic pathways clearly established in Azoarcus

Based on
Sequencing
DNA
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The anaerobic benzene carboxylase gene
nelghborhood in '

abcA > bzIA >

COOH  CoA “gase COSCoA

+ CoA BZlA @
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2. Methanogenic Benzene Degrading
Culture

Methanoregula

Other archaea

6-Proteobacterium

20
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Syntrophy in methanogenic enrichment cultures

Fatty acids,
alcohols

ORM2-like
organisms

Acetate

Methanosaeta sp.
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ORM2
ALL DNA
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Anaerobic Benzene Activation Pathways

Under methanogenic & sulfate-
reducing conditions: Mechanism for
benzene activation by 0-
Proteobacteria ORM2 is still unknown

-» - -» CH;COSCoA
+ COQ

CH, + CO2
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2008 - Dual Isotope Plot Suggested two

Mechanisms

AS*H (%oa)
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Mancini, S. A., Devine, C. E., Elsner, M.,
Nandi, M. E., Ulrich, A. C., Edwards, E. A,
& Sherwood Lollar, B. (2008). Isotopic
Evidence Suggests Different Initial
Reaction Mechanisms for Anaerobic
Benzene Biodegradation. Environmental
Science & Technology, 42(22), 8290-
8296.

ED_005025_00011617-00025



Monochlorobenzene to CH, and CO,

Cl
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Anaerobic Conversion of Chlorobenzene and Benzene to CH, and
CO, in Biocaugmented Microcosms

Kiaoming Liang,‘g‘ Cheryl E. I}s:vima,? Jennifer Nelsa;mf;; Barbara Sherwood Lmﬂar}% Stephen Zinder,*
and Flizabeth A, Bdwards™®
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Conclusions

* Anaerobic benzene degradation appears limited to a few groups of
orgamsms that we can now track. Could these organisms also be
(Ilke Dehalococcoides) offering hope for bioaugmentation?

» Peptococcaceae-containing benzene-degrading cultures appear
spemﬂc to sllghtly higher redox like nitrate-reducing & iron-reducing
conditions. Initial step Iikely a carboxylation.

» Deltaproteobacteria (ORMZ)-dominated cultures grow well under both
under methanogemo and sulfate reducing conditions, yet pathways for
anaerobic benzene oxidation are still elusive.

* Both groups can be found in samples from field sites and are linked to
increased rates of benzene transformation in the absence of oxygen.
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Thank you!
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